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Nanofibers  consisting  of  the  bulk  heterojunction  organic  photovoltaic  (BHJ- 
OPV)  electron  donor-electron  acceptor  pair  poly(3-hexylthiophene):phenyl- 
C61-butyric  acid  methyl  ester  (P3HT:PCBM)  are  produced  through  a  coaxial 
electrospinning  process.  While  P3HT:PCBM  blends  are  not  directly  electro- 
spinnable,  P3HT:PCBM-containing  fibers  are  produced  in  a  coaxial  fashion 
by  utilizing  polycaprolactone  (PCL)  as  an  electrospinnable  sheath  material. 
Pure  P3HT:PCBM  fibers  are  easily  obtained  after  electrospinning  by  selec¬ 
tively  removing  the  PCL  sheath  with  cyclopentanone  (average  diameter  120  ± 
30  nm).  These  fibers  are  then  incorporated  into  the  active  layer  of  a  BHJ-OPV 
device,  which  results  in  improved  short-circuit  current  densities,  fill  factors, 
and  power-conversion  efficiencies  (PCE)  as  compared  to  thin-film  devices 
of  identical  chemical  composition.  The  best-performing  fiber-based  devices 
exhibit  a  PCE  of  4.0%,  while  the  best  thin-film  devices  have  a  PCE  of  3.2%. 
This  increase  in  device  performance  is  attributed  to  the  increased  in-plane 
alignment  of  P3HT  polymer  chains  on  the  nanoscale,  caused  by  the  elec- 
trospun  fibers,  which  leads  to  increased  optical  absorption  and  subsequent 
exciton  generation.  This  methodology  for  improving  device  performance 
of  BHJ-OPVs  could  also  be  implemented  for  other  electron  donor-electron 
acceptor  systems,  as  nanofiber  formation  is  largely  independent  of  the  PV 
material. 
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1.  Introduction 

Bulk  hetero junction  organic  photovoltaic 
(BHJ-OPV)  devices  have  been  the  topic 
of  ever  increasing  research  efforts  due 
to  their  potential  to  result  in  printable, 
inexpensive  solar  cells  which  can  be  proc¬ 
essed  onto  flexible  substrates J1-3^  Typi¬ 
cally,  the  active  layer  of  the  BHJ  consists 
of  an  interpenetrating  network  of  electron- 
donating  conjugated  polymers  and  elec¬ 
tron-accepting  fullerenes.  One  of  the  most 
studied  BHJ-OPV  systems  consists  of  a 
mixture  of  poly(3-hexylthiophene)  (P3HT) 
and  [6,6]-phenyl-C61-butyric  acid  methyl 
ester  (PCBM)J1’4]  It  is  widely  accepted 
that  for  BHJ-OPV  devices  to  be  economi¬ 
cally  viable,  power-conversion  efficiencies 
(PCEs)  need  to  reach  10%J3,5]  The  highest 
PCE  values  obtained  for  P3HT:PCBM 
devices  have  been  in  the  4-5%  range, [6_8] 
lower  than  the  value  needed  to  become 
competitive  with  silicon-based  solar  cells 
for  commercial  applications. 

In  order  to  increase  the  PCEs  of  BHJ- 
OPV  devices,  many  different  routes  are 
currently  being  explored.  One  option  is  to 
use  a  different  material  system  wherein  the  donor-acceptor  pair 
exhibits  improved  transport  properties,  absorbs  a  larger  por¬ 
tion  of  the  solar  spectrum,  and/or  has  a  bandgap  arrangement 
which  improves  device  efficiency  compared  to  the  P3HT:PCBM 
system  J9-16!  Another  route  is  to  use  a  tandem  cell  architec¬ 
ture,  in  which  two  different  and  separate  active  layers  absorb 
different  portions  of  the  solar  spectrum  J17_20]  Fine-tuning  the 
morphology  of  the  BHJ  is  also  important.  A  high-efficiency 
device  requires  a  balance  between  a  high  interfacial  area  of 
donor  and  acceptor  moieties  while  maintaining  large  enough 
domain  sizes  for  charge  transport  to  the  appropriate  electrodes 
with  minimum  charge  recombination.  Typically,  this  is  accom¬ 
plished  by  thermal  annealing^6’21-23!  or  solvent  annealing  J7,24-26! 
More  recently,  other  techniques,  such  as  the  use  of  processing 
additives  and  preformed  nanofibers,  have  been  developed  to 
control  the  electron  donor-electron  acceptor  morphology  and 
molecular  ordering.^  Processing  additives  are  used  to  more 
strongly  solubilize  one  component  of  the  mixture  and  generally 
have  a  higher  boiling  point  than  the  bulk  solvent,  resulting  in 
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increased  phase  separation  and  thus  improved  device  perform¬ 
ance  J27-31l  Preformed  polymer  nanofibers,  made  by  using  ther¬ 
mally  driven  solution-processing  techniques,  have  been  shown 
to  have  increased  crystallinity,  increased  hole  mobility,  and 
absorption  at  longer  wavelengths  compared  to  films  made  via 
spin  coating J32-35!  The  inclusion  of  preformed  nanofibers  into 
the  active  layer  of  the  BHJ  increases  device  efficiency  and  can 
be  used  to  better  control  active  layer  morphology,  and  is  thus  an 
attractive  methodology  for  improving  BHJ-OPV  devices. 

Electrospinning  is  a  well-established  and  straightforward 
technique  to  create  polymer  fibers  from  a  wide  variety  of  mate¬ 
rials  with  diameters  ranging  from  tens  of  nanometers  to  sev¬ 
eral  micrometers J36-38!  This  continuous  process  allows  the 
production  of  an  entangled,  3D,  nonwoven  fiber  network  exhib¬ 
iting  a  high  density  of  fully  interconnected  pores  throughout 
the  material,  which  yields  a  very  high-surface-area-to-volume 
ratio.  This,  coupled  with  the  abilities  to  generate  fibers  from  a 
large  variety  of  materials,  control  fiber  morphology,  and  create 
multicomponent  fibers  with  relative  ease  have  contributed  to 
the  recent  increase  in  the  application  of  electrospinning  over 
solution-processing  techniques  for  creating  nanofibers.  High- 
throughput,  industrial- scale  electro  spinning  is  now  achiev¬ 
able, [39_43]  further  extending  the  use  of  electrospun  fibers  in 
real-world  applications.  Application  areas  for  electrospinning 
are  varied  and  include  biomedicine,  t44,45!  photonics,  t46’47!  catal¬ 
ysis, f48’49]  energy  storage,' ^°h5b  energy  harvesting, t52,53!  and 
filtration  J54’55] 

In  this  study,  the  use  and  incorporation  of  preformed 
P3HT:PCBM  nanofibers  produced  by  coaxial  electro spin- 
ning[56’57]  is  examined  for  BHJ-OPV  devices.  Previously, 
P3HT  fibers  have  been  made  using  various  electrospinning 
techniques  for  field-effect  transistor^58-60!  sensor, t61!  and  nano- 
electronic[62,63!  applications.  However,  these  methods  are  inap¬ 
propriate  for  implementation  in  the  production  of  OP  Vs.  To 
obtain  fibers,  the  P3HT  either  needs  to  be  mixed  with  a  high 
molecular  weight  coil-like  insulating  polymer  that  can  be  elec¬ 
trospun  into  uniform  fibers,  or  to  be  electrospun  at  fairly  high 
concentrations.  The  resulting  fibers  are  often  too  large  to  be 
useful  in  OPV  devices  (>1  pm).  Furthermore,  adding  PCBM  to 
these  optimized  electrospinning  protocols  leads  to  poor  fiber 
formation  (based  on  our  observations).  The  inability  to  form 
nanofibers  from  solutions  of  P3HTPCBM  can  be  attributed 
to  the  high  miscibility  of  PCBM  into  P3HT,[64’65!  which  would 
perturb  the  P3HT  chain  entanglements  required  for  fiber  for¬ 
mation.  Recently,  Sundarrajan  et  al.[66!  used  coaxial  electrospin¬ 
ning  to  entrap  a  core  phase  of  P3HT:PCBM  in  poly(vinyl  pyr- 
rolidone)  (PVP).  After  the  removal  of  PVP,  micrometer- sized 
fibers  of  P3HTPCBM  were  obtained.  While  a  novel  process, 
the  resulting  nonwoven  matrix  of  P3HTPCBM  fibers  yielded 
a  power-conversion  efficiency  (PCE)  of  8.7  x  10-8,  a  value  sig¬ 
nificantly  lower  than  that  needed  to  be  useful  in  PV  applica¬ 
tions.  In  the  current  study,  poly(caprolactone)  (PCL)  is  used  as 
the  sacrificial  sheath  and  the  driving  force  for  fiber  formation. 
P3HTPCBM  fibers  are  obtained  by  inserting  a  relatively  dilute 
solution  of  P3HT:PCBM  into  the  core  of  a  charged  PCL  liquid 
jet  via  a  concentric  nozzle.  The  coaxial  fibers  are  then  selectively 
stripped  of  the  PCL  sheath,  yielding  pure  P3HT:PCBM  fibers. 
The  resulting  structurally  ordered  fibers  of  P3HT:PCBM  are 
then  incorporated  into  a  typical  active  layer  of  a  BHJ-OPV  by 


depositing  a  fully  solubilized  P3HTPCBM  layer  on  top.  While 
partial  dissolution  of  the  fibers  does  occur,  the  remaining  elec¬ 
trospun  material  maintains  structural  coherence  and  acts  as 
a  template  for  the  fully  solubilized  P3HT.  As  the  mechanism 
of  electrospun  fiber  formation  is  largely  independent  of  the 
core  solution,  this  method  can  be  used  to  create  nanofibers 
from  other  electron  donor-electron  acceptor  pairs  and  lead  to 
improved  device  characteristics  for  those  systems. 


2.  Results  and  Discussion 

Coaxial  electrospinning  was  used  to  create  P3HTPCBM-PCL 
core-sheath  fibers,  which  were  subsequently  stripped  of  the 
PCL  sheath  layer  and  embedded  within  the  active  layer  of  a 
BHJ-OPV.  This  was  accomplished  by  first  depositing  a  layer  of 
P3HTPCBM  fibers  onto  the  ITO:PEDOT  electrode  followed  by 
depositing  a  backfill  layer  of  fully  solublized  P3HTPCBM.  This 
was  done  to  interconnect  the  fibers  and  to  prevent  the  two  elec¬ 
trodes  from  coming  into  contact  due  to  the  porous  nature  of 
the  deposited  fibers  (see  Experimental  Section  for  details).  The 
process  is  shown  schematically  in  Figure  1.  The  overall  fiber 
morphology  of  the  as-made  coaxial  fibers  is  shown  in  Figure  la. 
As  seen  in  the  transmission  electron  microscope  (TEM)  micro¬ 
graph  in  Figure  lb,  a  uniform  core-sheath  structure  was 
obtained  between  the  PCL  sheath  phase  and  P3HT:PCBM  core 
phase,  with  fiber  diameters  as  large  as  1.5  pm  and  as  low  as 
300  nm.  The  average  outer  fiber  diameter  was  650  ±  500  nm 
(Figure  la).  Such  a  size  distribution  is  not  uncommon  for  elec¬ 
trospun  fibersJ67-69!  P3HTPCBM  fibers  ware  obtained  by  dis¬ 
solving  the  PCL  sheath  in  cyclopentanone,  a  solvent  which  does 
not  dissolve  P3HT  or  PCBM.  The  resulting  P3HT:PCBM  fibers 
are  shown  in  Figure  lc,d.  The  high-resolution  TEM  micrograph 
in  Figure  Id  shows  short-range  P3HT  chain  stacking  (~10  nm 
in  length),  despite  the  absence  of  thermal  annealing.  It  has 
been  previously  reported^36,70-72!  that  molecular  stacking  and 
ordering  along  the  fiber  direction  occurs  in  electrospun  fibers 
due  to  the  intense  shear  forces  encountered  in  the  polymer 
solution  during  electrospinning.  The  P3HT:PCBM  fibers  had 
diameters  of  120  +  30  nm,  but  tended  to  arrange  into  500  + 
100  nm-wide  fiber-like  structures  (Figure  lc).  The  P3HTPCBM 
fibers  were  approximately  on  the  size  scale  of  active  layer  film 
thicknesses  utilized  in  efficient  OPV  devices.  If  instead  of  using 
the  coaxial  approach  described  above,  homogeneous  solutions 
of  P3HT,  PCBM,  and  PCL  (or  polyethylene  oxide);  PEO)  were 
electrospun,  then  nanofibers  were  not  obtained  after  removal  of 
the  PCL  or  PEO.  Instead,  the  removal  of  the  insulating  polymer 
phase  resulted  in  either  micrometer-sized  spherical  aggregates 
or  similar-sized  fibers  (Figure  SI,  Supporting  Information),  nei¬ 
ther  of  which  would  be  beneficial  for  BHJs  as  charge  recom¬ 
bination  dominates  in  thicker  filmsJ73’74!  However,  it  has  been 
observed[59]  that  electro  spinning  a  solution  of  only  P3HT  and 
PCL  yields  nanoscale  P3HT  fibers  after  stripping  away  the  PCL, 
indicating  that  the  addition  of  PCBM  greatly  influences  the 
phase  separation  between  the  two  polymers  within  the  blended 
electrospun  fibers.  This  highlights  the  advantage  of  coaxial 
electro  spinning,  as  the  separation  between  PV  and  insulating 
materials  is  better  controlled  and  the  electro  spinning  process  is 
largely  controlled  by  the  properties  of  the  sheath  solution  J75! 
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Figure  1.  A  schematic  depicting  P3HT:PCBM  fiber  generation  from  the  coaxial  fibers  and  the  subsequent  deposition  of  nanofibers  within  the  active  layer 
of  the  BHJ-OPV  device,  along  with  a)  a  scanning  electron  microscope  (SEM)  micrograph;  b)  a  TEM  micrograph  of  P3HT:PCBM  (core)-PCL  (sheath) 
fibers  (2.5  |nm  and  200  nm  scale  bars,  respectively);  c)  an  SEM  micrograph  of  P3HT:PCBM  nanofibers  after  removal  of  the  PCL  sheath  (2  jam  scale 
bar),  and;  d)  a  high-resolution  TEM  micrograph  of  the  P3HT:PCBM  fibers  after  removal  of  the  sheath  PCL  (25  nm  scale  bar). 


The  pure  P3HT:PCBM  fibers  were  incorporated  into  the 
active  layers  of  BHJ-OPV  devices  by  spin  coating  from  a  disper¬ 
sion  of  fibers  in  cyclopentanone.  Next,  a  homogeneous  solution 
of  P3HT:PCBM  was  deposited  to  completely  backfill  the  porous 
fibrous  network,  forming  a  uniform  active  layer  for  the  device 
(Figure  1,  schematic).  While  this  resulted  in  partial  redissolu¬ 
tion  of  the  fibers,  the  fibers  still  served  as  a  template  for  the  sol¬ 
uble  P3HT.  This  methodology  has  been  previously  reported[32] 
for  OPV  fabrication  using  solution-processed  fibers.  Device 
characteristics  for  fiber-based  and  thin-film  devices  averaged 
over  20  devices  on  at  least  6  different  films  are  presented  in 
Table  1.  The  best-performing  device  from  each  sample  is  given 
in  Table  2,  with  the  corresponding  current  density-voltage 
curves  shown  in  Figure  2.  Each  sample  had  a  film  thickness  of 
-100  nm.  With  the  inclusion  of  electrospun  P3HT:PCBM  fibers 
to  unannealed  P3HTPCBM  layers,  the  short-circuit  current 
density  (Jsc )  and  fill  factor  (FF)  both  increased  by,  on  average, 
0.7  mA  cm-2  and  4%,  respectively,  resulting  in  a  power-conver¬ 
sion  efficiency  (PCE)  increase  from  1.6%  to  2.0%.  This  repre¬ 
sents  a  25%  increase  from  the  unannealed  P3HT:PCBM  film 
devices.  The  highest  PCE  achieved  for  the  unannealed  devices 
was  2.3%  and  2.6%  for  thin-film  and  electrospun  fiber-based 
devices,  respectively.  After  thermal  annealing  for  10  min  at 
160  °C,  both  fiber  and  film  devices  exhibited  a  decrease  in  the 
open-circuit  voltage  (Voc)  and  increases  in  Jsc,  FF,  and  PCE. 
Devices  with  electrospun  P3HT:PCBM  fibers  had,  on  average, 
a  1.0  mA  cm-2  increase  in  Jsc,  a  9%  increase  in  FF,  and  a  0.8% 
increase  in  PCE  compared  to  thin  film-based  annealed  devices. 


Table  1.  Average  values  of  open-circuit  voltage  (Voc),  short-circuit  cur¬ 
rent  (/sc),  fill  factor  (FF),  and  power-conversion  efficiency  (r/)  for  each 
device. 


Sample 

Voc 

Jsc 

FF 

PCE 

[V] 

[mA  cm-2] 

[°/°] 

[%] 

P3HTPCBM  Film 

0.67  +  0.04 

6.1  +0.5 

40  ±4 

1.6 +  0.3 

P3HTPCBM  Film  (annealed) 

0.58  +  0.02 

8.7 +  0.7 

46  ±6 

2.4  ±0.5 

P3HTPCBM  Fibers 

0.65  +  0.03 

6.8 +  0.9 

44  ±6 

2.0  ±0.5 

P3HTPCBM  Fibers  (an 

nealed) 

0.59  +  0.01 

9.7 +  0.6 

55+4 

3.2  ±0.4 

Table  2.  Device  characteristics  of  the 

best-performing  devices  of  each 

sample  type. 

Sample 

Voc 

Jsc 

FF 

PCE 

[V] 

[mA  cm-2] 

[%] 

[%] 

P3HTPCBM  Film 

0.64 

6.7 

46 

2.3 

P3HTPCBM  Film  (annealed) 

0.59 

10.0 

54 

3.2 

P3HTPCBM  Fibers 

0.63 

8.1 

52 

2.6 

P3HTPCBM  Fibers  (an 

nealed) 

0.59 

10.7 

63 

4.0 

The  highest  PCEs  achieved  for  the  annealed  thin  film-  and  elec¬ 
trospun  fiber-based  devices  were  3.2%  and  4.0%,  respectively. 
The  increases  in  Jsc  and  FF  are  indicative  of  increased  photon 
absorption,  increased  free-charge  generation,  decreased  charge 
recombination,  and/or  increased  charge  mobility.^  No  change 
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Figure  2.  Current  density-voltage  curves  for  devices  with  active  layers 
of  P3HT:PCBM  films  from  chlorobenzene  (-□-),  P3HT:PCBM  films  from 
chlorobenzene  annealed  at  160  °C  for  10  min  (-■-),  P3HT:PCBM  fibers 
with  a  P3HT:PCBM  backfill  layer  (-O-),  and  P3HT:PCBM  fibers  with  a 
P3HT:PCBM  backfill  layer  annealed  at  160  °C  for  10  min  (-•-)  under 
AM  1.5  conditions  at  100  mW  cm-2.  Curves  are  from  devices  described 
in  Table  2. 


in  the  Voc  was  seen  between  fiber-  and  film  only-based  devices. 
Device  characteristics  of  thin-film  devices  are  consistent  with 
those  seen  in  the  literature  for  the  same  P3HT:PCBM  ratio  and 
annealing  procedure  J76’77] 

To  investigate  the  origin  of  this  increased  PCE  in  devices 
which  incorporate  electro  spun  fibers,  the  P3HT:PCBM  active 
layers  were  characterized  using  optical  absorption  spectros¬ 
copy,  ellipsometery,  diffraction  measurements,  and  atomic 
force  microscopy.  The  visible  absorption  spectra  for  solutions, 
fiber  dispersions  in  cyclopentanone,  and  thin-film  devices  of 
P3HT:PCBM  are  shown  in  Figure  3.  P3HT  solution  in  chloro¬ 
benzene  shows  a  broad  absorption  with  a  peak  at  -450  nm 
(Figure  3a,  black  line).  The  dispersion  of  electrospun  fibers  in 
cyclopentanone  shows  two  distinct  peaks  at  -560  and  -610  nm 
with  a  shoulder  peaks  at  -520  nm  (Figure  3a,  red  line).  This 
redshift  in  absorption  characteristics  from  the  solubilized  P3HT 
is  indicative  of  an  increase  in  the  conjugation  length  of  the  dis¬ 
persed  fibers  of  P3HT:PCBM.  These  peaks  correspond  to  a  k-k* 
transition  in  solidified  P3HTJ78’79]  with  the  shoulder  peak  being 
attributed  to  strong  interchain  interactions J8°l  These  features 
are  also  observed  in  P3HT  fibers  made  by  solution  processing 
reported  by  Berson  et  al.,[32]  although  the  610  nm  shoulder  is 
lower  in  relative  magnitude  compared  to  the  solidified  absorp¬ 
tion  peaks.  This  suggests  the  presence  of  stronger  interchain 
interactions  from  the  electrospun  fibers.  The  fiber-  and  film- 
based  device  absorption  spectra  are  shown  in  Figure  3b.  The 
unannealed  fiber  device  exhibits  a  small  redshift  (-10  nm) 
from  the  unannealed  thin-film  device,  which  is  attributed  to 
an  increased  conjugation  length.  The  absorbance  of  both  thin 
film-  and  fiber-based  devices  is  increased  after  annealing,  par¬ 
ticularly  for  the  electrospun  fiber-based  device.  A  second  peak 
appears  at  -550  nm,  along  with  a  shoulder  peak  at  610  nm, 


Figure  3.  Visible  absorption  spectra  of  a)  P3HT:PCBM  solution  in  chloro¬ 
benzene  (black  line)  and  P3HT:PCBM  fiber  dispersion  in  cyclopentanone. 
b)  BHJ-OPV  devices:  unannealed  P3HT:PCBM  films  (black,  dashed 
line),  films  annealed  at  160  °C  for  10  min  (black,  solid  line),  unannealed 
P3HT:PCBM  fibers  with  a  P3HT:PCBM  backfill  layer  (red,  dashed  line), 
and  those  annealed  at  160  °C  for  10  min  (red,  solid  line).  All  devices  are 
-100  nm  in  thickness. 

which  again  reflects  an  increase  in  P3HT  interchain  interac¬ 
tions.  The  transition  dipole  moment  of  the  7T-7T*  transition 
in  P3HT  is  oriented  along  the  polymer  chain  axisJ8b  As  light 
impinges  onto  the  BHJ  normal  to  the  substrate,  an  increase  in 
absorption  between  films  of  identical  thicknesses  would  be  due 
to  the  increased  overlap  between  the  transition  dipole  moment 
and  the  electric-field  vector  of  the  incoming  light.  The  increased 
absorption  in  the  electrospun  fiber-based  device  is  thus  due  to  a 
comparatively  larger  percentage  of  polymer  chains  aligned  par¬ 
allel  to  the  substrate.  This  increase  in  photon  absorption  will 
lead  to  an  increase  in  exciton  formation,  which  in  turn  will  lead 
to  a  larger  amount  of  photogenerated  carriers  J82l 

Electron  and  X-ray  diffraction  measurements  were  per¬ 
formed  in  order  to  study  the  structural  order  in  annealed  fibers 
and  devices.  For  reference,  two  crystal  planes  [(100)  and  (020)] 
corresponding  to  the  main  diffraction  peaks  in  P3HT  are 
shown  in  Figure  4a J83^  Figure  4b  shows  a  TEM  micrograph  of 
P3HT:PCBM  fibers  after  removal  of  the  PCL  sheath  and  sub¬ 
sequent  annealing.  The  corresponding  electron  diffraction 
pattern  is  shown  in  Figure  4c.  The  P3HTPCBM  fibers  show 
strong  diffractions  from  (100)  and  (020)  planes  and  show  a  dif¬ 
fraction  pattern  exhibiting  fiber  symmetry.  As  chain  alignment 
is  often  observed  in  electrospun  fibers  and  both  (100)  and  (020) 
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Figure  4.  a)  Schematic  of  P3HT  crystal  structure  with  (100)  and  (020) 
planes  highlighted;  b)  TEM  micrograph  of  pure  P3HT:PCBM  fibers 
annealed  for  160  °C  for  10  min;  c)  electron  diffraction  pattern  of  the  sec¬ 
tion  shown  in  (b)  exhibiting  fiber  symmetry;  d)  electron  diffraction  pat¬ 
tern  from  a  P3HT:PCBM  film  annealed  for  160  °C  for  10  min;  e)  electron 
diffraction  pattern  from  a  film  of  P3HT:PCBM  fibers  with  a  P3HT:PCBM 
backfill  layer  annealed  at  160  °C  for  10  min,  and;  f)  1  D  scans  of  (d)  (dash 
lines)  and  (e)  (solid  lines). 


diffractions  are  observed,  it  is  probable  that  the  polymer  chains 
are  aligned  along  the  fiber  axis  with  a  mixture  of  [100]  and  [010] 
directions  oriented  radially  along  the  fiber.  For  comparison,  Ihn 
et  ald84^  have  shown  that  P3HT  nanofibers  made  by  solution¬ 
processing  techniques  do  not  exhibit  the  (100)  reflections  in 
electron  diffraction  patterns  as  these  planes  are  parallel  to  the 
electron  beam.  Electron  diffraction  patterns  of  the  annealed 


P3HT:PCBM  films  both  with  and  without  incorporated  electro- 
spun  fibers  are  shown  in  Figure  4d  and  e,  respectively.  One¬ 
dimensional  scans  are  shown  in  Figure  4f,  in  terms  of  the  scat¬ 
tering  vector  q.  The  annealed  P3HT:PCBM  film  exhibits  reflec¬ 
tions  from  both  the  (100)  and  (020)  planes,  with  a  more  intense 
diffraction  intensity  seen  from  the  (100)  plane  in  this  orienta¬ 
tion  (with  the  electron  beam  normal  to  the  substrate  plane). 
The  annealed  active  layer  derived  from  the  electrospun  fibers 
shows  a  different  diffraction  pattern:  diffraction  peaks  from 
the  (100)  and  (020)  planes  are  observed,  but  the  (020)  peak  is 
much  more  intense  than  the  (100)  peak.  This  is  evidence  that 
the  two  devices  exhibit  different  preferences  in  P3HT  crystallite 
orientation.  Since  the  (020)  planes  show  a  stronger  diffraction 
in  the  fiber-derived  active  layer  and  a  higher  optical  absorption 
is  observed,  a  higher  quantity  of  P3HT  molecules  are  likely  ori¬ 
ented  with  the  [100]  direction  normal  to  the  substrate.  Without 
predeposited  electrospun  fibers,  the  P3HTPCBM  film  exhibits 
a  higher  intensity  in  (100)  relative  to  (020).  As  such,  a  larger 
percentage  of  P3HT  polymer  chains  are  likely  oriented  with 
the  [010]  direction,  perpendicular  to  the  substrate,  in  the  film 
device. 

Glancing  incidence  X-ray  diffraction  (GIXD)  results 
(Figure  5)  provide  complementary  information  that  confirms 
the  results  from  the  electron  diffraction  measurements.  The  2D 
pattern  for  the  P3HTPCBM  film-only  active  layer  (Figure  5a) 
shows  a  more  intense  (020)  diffraction  peak  compared  to  the 
electrospun  fiber-based  active  layer  (Figure  5b).  Conversely,  the 
(100)  and  higher-order  (200)  and  (300)  planes  are  more  intense 
in  the  fiber-derived  active  layer  compared  to  the  P3HTPCBM 
film.  This  is  more  evident  in  the  corresponding  ID  patterns 
shown  in  Figure  5c.  For  the  electrospun  fiber-based  active  layer, 
the  (100)  set  of  reflections  are  more  intense  than  the  (020)  on 
the  meridian,  which  indicates  that  a  higher  percentage  of  P3HT 
crystallites  have  the  ^-stacking  direction  oriented  parallel  to 
the  substrate.  The  opposite  is  seen  for  the  active  layer  without 
electrospun  fibers,  as  the  (020)  peak  appears  more  intense  than 
the  (100)  peak.  With  respect  to  the  P3HT  crystallite  orientation, 
these  results  are  consistent  with  those  obtained  using  electron 
diffraction,  as  both  of  these  experimental  methods  provide 
orthogonal  information.  As  such,  the  intensity  ratio  between 
the  (100)  and  (020)  directions  should  be  reversed  when  com¬ 
paring  the  electron  diffraction  and  GIXD  data.  Herman’s  ori¬ 
entation  parameters  were  calculated  from  the  azimuthal  angle 
scans  (Figure  S2,  Supporting  Information)  for  both  electro- 
spun-fiber  and  thin-film  devices.  Crystallites  in  a  sample  are 
perfectly  aligned  if  the  orientation  parameter  equals  one,  while 
a  completely  isotropic  sample  has  an  orientation  parameter  of 
zero.  The  active  layer  with  electrospun  fibers  exhibits  a  larger 
orientation  parameter  (0.72)  in  the  (100)  planes  than  the  thin- 
film  active  layer  (0.56).  This  indicates  a  better  in-plane  align¬ 
ment  of  these  crystallites. 

The  distinct  orientation  difference  between  the  two  samples 
is  caused  by  the  presence  of  electrospun  fibers  within  the  active 
layer,  which  ultimately  leads  to  the  difference  in  device  perform¬ 
ance.  After  the  backfill  deposition  of  solubilized  P3HTPCBM 
onto  the  electrospun  P3HTPCBM  fibers,  it  is  probable  that  the 
fibers  act  as  a  template  for  in-plane  chain  alignment  throughout 
the  active  layer.  This  conclusion  is  logical  when  considering  the 
increased  optical  absorption  due  to  in-plane  alignment  of  the 
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Figure  5.  Two-dimensional  GIXD  patterns  of  devices  consisting  of  a)  a  P3HT:PCBM  active 
layer  annealed  for  160  °C  for  10  min,  and  b)  a  fiber-based  P3HT:PCBM  active  layer  annealed  at 
160  °C  for  10  min.  The  top  pattern  was  generated  from  wide-angle  scattering  and  the  bottom 
from  small-angle  scattering,  c)  Corresponding  small-angle  (dashed  lines)  and  wide-angle  (solid 
lines)  diffraction  patterns  of  P3HT:PCBM  films  (black  lines)  and  fiber-based  P3HT:PCBM  films 


(red  lines). 

k-k*  transition  along  the  polymer  backbone  (Figure  3b)  and 
the  fiber  symmetry  displayed  in  annealed  P3HT:PCBM  fibers 
(Figure  4c).  Increased  photon  absorption  would  lead  to  the  gen¬ 
eration  of  more  excitons,  which  in  turn  increases  the  number 
of  carriers  potentially  available  for  collection.  It  is  presumed 
that  regions  in  the  electrospun  fiber-based  active  layer  not  in 
the  vicinity  of  the  predeposited  fibers  adopt  a  crystallite  orienta¬ 
tion  similar  to  that  of  the  thin-film  active  layer,  with  ^-stacking 
predominately  normal  to  the  substrate  and  a  comparatively 
lower  amount  of  in-plane  polymer  chains.  Charge  transport  is 
found  to  be  highest  along  the  polymer  backbone,  then  through 
^-stacking,  and  finally  through  alkyl  chains  in  P3HTJ85’86!  The 
fibrous  regions  are  thus  responsible  for  increased  photon 
absorption  and  in-plane  charge  transport,  while  the  nonfibrous 
regions  transport  charge  to  the  appropriate  electrodes.  The  thin 
film-based  devices  comparatively  lack  the  amount  of  in-plane 
chain  alignment  and  thus  do  not  absorb  as  many  photons, 
leading  to  a  lower  PCE. 

The  surface  roughness  and  surface  morphology  of  the  devices 
was  studied  using  atomic  force  microscopy  (AFM;  Figure  6). 
The  surface  of  a  P3HTPCBM  BHJ  has  been  shown  to  be  rich 
in  P3HT  for  films  made  from  spin  coating  and  thus  is  not 
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representative  of  the  bulk  morphology,  t87,88! 
leaving  AFM  data  to  be  often  overinterpreted. 
However,  the  inclusion  of  electrospun 
fibers  (on  the  size  scale  of  the  BHJ  thick¬ 
ness)  likely  invokes  a  unique  morphology 
and  surface  roughness  and  thus  should  be 
examined.  Height  images  from  unannealed 
and  annealed  thin-film  devices  are  shown  in 
Figure  6a  and  c,  respectively.  The  root-mean- 
square  (RMS)  surface  roughness  from  these 
devices  is  6.22  A  for  the  unannealed  device 
and  9.06  A  for  the  annealed  device.  These 
values  are  comparable  to  what  is  typically 
observed  for  such  films  J89]  The  addition  of 
electrospun  P3HTPCBM  fibers  to  the  active 
layer  yields  an  RMS  surface  roughness  of 
9.41  A  (Figure  6e),  which  is  larger  than  the 
annealed  device  without  electrospun  fibers. 
Further  annealing  of  the  fiber-based  active 
layer  yields  an  RMS  surface  roughness  double 
that  of  the  unannealed  device  (18.4  A,  Figure 
5g).  While  an  increase  in  surface  roughness 
is  often  thought  to  be  a  'signature7  of  higher- 
efficiency  devices,! ^  it  is  difficult  to  com¬ 
pletely  decouple  the  effects  of  an  altered  BHJ 
morphology  and  an  increased  surface  rough¬ 
ness  on  device  performance.  The  nanoscale 
phase  separation  was  studied  using  phase 
imaging,  wherein  'hard7  and  'soft7  segments 
yielded  different  contrast  levels  in  the  image. 
The  unannealed  P3HTPCBM  film  device 
shows  small  domains  of  P3HT  and  PCBM 
(Figure  6b),  which,  after  annealing,  char¬ 
acteristically  become  larger  (Figure  6d)J22^ 
Devices  with  the  inclusion  of  electrospun 
P3HTPCBM  fibers  show  a  very  different 
morphology  for  both  unannealed  (Figure  6f) 
and  annealed  (Figure  6h)  devices.  The  morphologies  show  ani¬ 
sotropic  features  that  are  much  smaller  (~15  nm)  than  the  elec¬ 
trospun  P3HTPCBM  fibers,  which  tend  to  partially  orient  in 
a  similar  direction  over  200-500  nm  length  scales.  It  is  likely 
that  these  oriented  regions  are  remnants  from  the  electrospun 
P3HTPCBM  fibers.  Due  to  electron  beam  damage,  the  in-plane 
orientation  of  these  P3HT  crystallites  could  not  be  captured 
with  TEM.  However,  optical  absorption  data  (Figure  3b)  suggest 
these  anisotropic  features,  absent  in  the  thin-film  devices,  must 
have  P3HT  chains  aligned  in  the  plane  of  the  substrate.  Fur¬ 
thermore,  the  refractive  index  for  P3HTPCBM  films  (1.77-1.80) 
is  lower  than  for  the  P3HTPCBM  fiber-based  active  layers 
(1.91-2.01)  of  unannealed  devices,  which  suggests  that  these 
anisotropic  features  scatter  more  of  the  incoming  light.  The 
introduction  of  light  scattering  features  in  BHJ-OPV  devices 
has  been  previously  shown  to  lead  to  increased  PCEsJ90,91! 

3.  Conclusion 

P3HTPCBM  fibers  were  made  via  coaxial  electrospinning 
using  PCL  as  the  sacrificial  sheath  material.  By  using  coaxial 


6  wileyonlinelibrary.com 


©  2012  WILEY-VCH  Verlag  GmbH  &  Co.  KG  a  A,  Weinheim 


Adv.  Energy  Mater.  2012, 
DOI:  1 0.1 002/aenm.201 100674 


www.MaterialsViews.com 


ADVANCED 
ENERGY 
_ /MATERIALS 

www.advenergymat.de 


Figure  6.  AFM  topography  (left)  and  phase  images  (right)  of  devices  from 
a,b)  an  as-cast  film  of  P3HT:PCBM,  c,d)  an  annealed  film  of  P3HT:PCBM 
at  160  °C  for  10  min,  e,f)  P3HT:PCBM  fibers  with  a  P3HT:PCBM  back¬ 
fill  layer,  and  g,h)  P3HT:PCBM  fibers  with  a  P3HT:PCBM  backfill  layer 
annealed  at  160  °C  for  10  min.  All  height  images  have  a  15  nm  z-axis 
range.  All  images  are  1  Jim  x  1  jiim. 

electro  spinning,  a  uniform  phase  separation  between  the  PV 
materials  and  the  more  easily  electrospun  polymer  can  be 
achieved  which  is  not  possible  by  simply  blending  the  mate¬ 
rials.  Selectively  stripping  the  PCL  from  the  coaxial  fibers  yields 
pure  P3HT:PCBM  nanofibers.  When  embedded  within  the 
active  layer,  these  fibers  likely  act  as  templates  for  increased  in¬ 
plane  polymer  chain  alignment  in  these  devices  and  invoke  an 
orientation  beneficial  for  higher  charge  mobility.  This  altered 


orientation  leads  to  increased  Jsc,  FF,  and  PCE  values  in  the 
BHJ-OPV  devices  compared  to  films  of  P3HT:PCBM  of  iden¬ 
tical  composition.  On  average,  the  PCE  increases  from  2.4  to 
3.2%  in  annealed  samples,  with  the  best  devices  obtaining 
a  PCE  of  3.2  and  4.0%  for  thin  films  and  electrospun-based 
devices,  respectively.  The  use  of  electrospun  fibers  within 
the  active  layer  of  BHJ-OPV  is  a  promising  methodology  for 
improving  the  performance  of  such  devices.  This  methodology 
is  more  practical  than  creating  free-standing  ‘solar  clothes7  due 
to  the  ease  of  device  fabrication  and  the  resulting  increased 
PCEs  that  are  more  useful  for  real-world  PV  applications. 
Thermal  solution  processing  of  polymeric  nanofibers  is  only 
possible  if  the  material  can  dissolve  at  an  elevated  temperature 
in  a  particular  solvent  and  recrystallize  in  a  fibrous  manner 
once  the  temperature  has  been  lowered.  This  likely  cannot  be 
done  in  the  presence  of  another  molecular  moiety  such  as  an 
electron- accepting  material.  Electrospinning  allows  for  a  rela¬ 
tively  large  amount  of  fibrous  material  of  almost  any  compo¬ 
sition  to  be  easily  generated  in  a  short  amount  of  time  which 
can  be  implemented  into  the  active  layer  of  a  device.  The  use 
of  coaxial  electrospinning  in  particular  is  even  more  advanta¬ 
geous  as  it  avoids  issues  with  blended  polymer  morphologies, 
uses  smaller  quantities  of  active-layer  material,  and  uses  an 
electro  spinning  process  largely  governed  by  the  electrospinna- 
bility  of  the  sheath  material.  While  this  initial  study  has  focused 
on  the  use  of  P3HT:PCBM,  it  is  likely  that  this  methodology 
for  creating  electrospun  fibers  can  be  extended  to  other  electron 
donor-electron  acceptor  material  systems. 


4.  Experimental  Section 

Electrospinning :  Coaxial  electrospinning  was  performed  using  a 
concentric  stainless  steel  nozzle  (Nisco  Engineering)  with  an  outer 
diameter  of  0.8  mm  and  an  inner  diameter  of  0.35  mm.  Sheath  solutions 
of  PCL  (Mw  =  80  kDa,  Sigma)  were  made  in  60/40  (v/v)  chloroform/ 
dimethylformamide  at  a  concentration  of  14  wt%,  while  core  solutions 
of  P3HT  (Mw  =  45  kDa,  American  Dye  Source):PCBM  (American  Dye 
Source)  were  made  in  chloroform  at  1  and  0.6  wt%,  respectively.  A 
voltage  of  20  kV  was  applied  from  the  coaxial  nozzle  to  the  collecting 
electrode  using  a  Gamma  High  Voltage  ES-30  power  supply.  The 
spinneret  tip-to-substrate  distance  was  set  to  25  cm  and  flow  rates  for 
the  core  and  sheath  solutions  were  1.25  and  6.5  mL  h-1,  respectively.  All 
electrospinning  experiments  were  performed  under  ambient  conditions. 

Fiber  Processing :  Approximately  200  mg  of  as-electrospun  core¬ 
sheath  fibers  were  placed  in  40  mL  of  cyclopentanone  (99+%,  Acros) 
in  order  to  selectively  dissolve  the  PCL  component  from  the  fibers. 
The  resulting  dispersion  was  centrifuged  (13  000  g,  10  min)  to  pellet 
the  P3HTPCBM  fibers  and  to  remove  the  dissolved  PCL.  This  process 
was  repeated  6  additional  times  in  order  to  fully  wash  the  PCL  from  the 
P3HTPCBM  fibers.  The  fully  washed  fibers  were  redispersed  in  5  mL  of 
cyclopentanone  to  form  a  stable  suspension  at  -100  mg  mL-1  for  spin 
coating  onto  device  substrates. 

Device  Fabrication :  Indium  tin  oxide  (ITO,  Colorado  Concept 
Coatings,  LLC)-coated  glass  was  selectively  etched  using  concentrated 
HCI.  The  substrates  were  thoroughly  cleaned  with  detergent,  water, 
hexane,  isopropanol,  methanol,  and  acetone.  Poly(3,4-ethylenedioxyt 
hiophene):poly(styrene  sulfonate)  (PEDOTPSS,  Clevios-P  purchased 
from  H.  C.  Starck)  was  filtered  with  a  5  Jim  syringe  filter,  deposited 
using  spin  coating,  and  dried  at  165  °C  for  20  min.  When  appropriate, 
electrospun  P3HTPCBM  fibers  were  deposited  from  a  cyclopentanone 
dispersion  by  spin  coating.  A  solution  of  P3HTPCBM  (15:9  mg  mL-1  in 
chlorobenzene)  was  used  to  interconnect  the  fibers  and  was  deposited 
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using  spin  coating  after  filtration  with  a  0.45  Jim  syringe  filter.  This 
solution  was  heated  to  60  °C  prior  to  spin  coating.  When  appropriate,  the 
devices  were  annealed  at  160  °C  for  10  min.  The  resulting  active  layers 
were  all  -100  nm  in  thickness.  Aluminum  electrodes  were  evaporated 
onto  the  substrate  at  a  thickness  of -100  nm.  The  active  surface  area  of 
the  device  was  0.16  cm1 2 3 4.  Spin  coating  of  solubilized  P3HT:PCBM  layer, 
device  annealing,  and  electrode  evaporation  were  performed  in  a  glove 
box  under  dry  N2. 

Characterization :  Current-voltage  characteristics  were  obtained  with 
a  Keithley  237  High  Voltage  Source  under  AMI. 5  solar  radiation  at  a 
power  density  of  100  mW  cm-2  using  a  Newport  Oriel  Full  Spectrum 
Solar  Simulator  under  N2.  Fiber  morphologies  were  studied  using  a 
FEI /Phillips  XL30  field-emission  environmental  SEM  (FE-ESEM)  and 
Philips  CM-200  TEM.  UV-visible  absorption  spectra  were  obtained  using 
a  Perkin  Elmer  Lambda  900  UV/Vis/NIR  spectrometer.  P3HTPCBM 
surface  phase  separation  was  studied  with  an  AFM  in  tapping  mode 
using  a  Veeco  Dimension  3100  Scanning  Probe  Microscope  equipped 
with  a  NanoScope  V  controller.  Electron  diffraction  experiments  were 
performed  using  Philips  CM-200  TEM.  Active  layers  were  removed  from 
device  substrates  by  slowly  dipping  the  devices  in  water  to  remove  the 
PEDOTPSS  under-layer.  Fragments  of  the  P3HTPCBM  active  layers 
were  then  collected  on  copper  TEM  grids.  Synchrotron  experiments 
were  carried  out  at  the  small/wide-angle  X-ray  scattering  (SAXS/WAXS) 
beamline  7.3.3  of  the  Advanced  Light  Source  at  Lawrence  Berkeley 
National  Laboratory  at  10  keV  (1.24  A)  from  a  bend  magnet  and  focused 
via  a  Mo/B4C  double  multilayer  monochromator.  SAXS  and  WAXS  were 
carried  out  simultaneously  using  high-speed  Dectris  Pilatus  100k  and 
Dectris  Pilatus  1  M  detectors.  Time-resolved  experiments  were  performed 
at  10  Hz  frame  collection.  2D  images  were  reduced  using  Nika  macros 
for  Igor  Pro.!92]  Images  were  corrected  for  transmission,  background, 
and  initial  beam-intensity  fluctuations.  Refractive  index  measurements 
were  performed  on  an  Alpha-SE  model  ellipsometer  from  J.A.  Woollam. 
Active  layers  were  created  on  silicon  as  described  above  under  ‘Device 
Fabrication’  and  measured  using  589  nm  and  Cody-Lorentz  and/or 
Cauchy  models. 
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Fig  SI.  P3HT-PCBM  structures  obtained  by  electrospinning  blends  of  (a)  3  wt%  P3HT,  2.4 
wt%  PCBM,  1  wt%  PEO  in  CHCI3  at  0.6  kV/cm  (10  pm  scale  bar)  and  (b)  13.5  wt%  PCL,  2 
wt%  P3HT,  1.2  wt%  PCBM  in  CHCI3  at  0.6  kV/cm  (5  pm  scale  bar)  followed  by  subsequent 
removal  of  the  insulating  polymer  with  acetonitrile  or  cyclopentanone  respectively. 

Fig  S2.  Azimuthal  angle  of  the  (100),  (300),  and  (020)  reflections  for  P3HT:PCBM  films 
(black  lines)  and  fiber-based  P3HT:PCBM  films  (red  lines). 


Fig.  S1P3HT-PCBM  structures  obtained  by  electrospinning  blends  of  (a)  3  wt%  P3HT,  2.4 
wt%  PCBM,  1  wt%  PEO  in  CHCI3  at  0.6  kV/cm  (10  pm  scale  bar)  and  (b)  13.5  wt%  PCL,  2 
wt%  P3HT,  1.2  wt%  PCBM  in  CHCI3  at  0.6  kV/cm  (5  pm  scale  bar)  followed  by  subsequent 
removal  of  the  insulating  polymer  with  acetonitrile  or  cyclopentanone  respectively. 
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Fig.  S2  Azimuthal  angle  of  the  (100),  (300),  and  (020)  reflections  for  P3HT:PCBM  films 
(black  lines)  and  fiber-based  P3HT:PCBM  films  (red  lines). 


